A theoretical approach of a hierarchical spatial framework concept for spring habitats is presented in this paper. The concept is based on existing classifications of running water and on empirical studies of spring ecosystems. Hierarchical spatial categorisation is applied to study spring areas of forest ecosystems in low mountain ranges of Germany. A spatial concept for springheads is designed to aid the illustration and understanding of functional, structural and process relationships on different scales. Here, multiple geographical dimensions and hydrological scales and their terms are compared in an integrated system. This integrated approach is needed if a water body is to be studied as an ecosystem rather than just a hydrological system. The goal of this hierarchical spatial framework is to establish a conceptual foundation for the study of fauna-microhabitat relationships and for the analysis of the substrate preference of the invertebrate fauna of spring ecotones. This paper presents a surface water typology for patchy forest springs with different habitat types. Most of these habitat types of the 152 investigated springs are dominated by organic substrate types as micro habitats (74.7 %) with subdominant mineral substrate types. Therefor the most dominant habitat type (HT) is "CPOM dominated, Psammopelal abounded" HT (19.7 %), followed by the HT "Macrophytes dominated, Psammopelal abounded" (13.2 %) and the HT "CPOM dominated, Microlithal abounded" (9.9 %). More underrepresented habitat types are pure mineral substrate types (10.5 %) like the HT "Psammopelal dominated" (5.9 %). There were also less artificial habitat types (7.2 %), because the study focused on undisturbed spring habitats inside the field survey.
surface, are an integrative part of this system. As a habitat, springs are ecotones, interfaces between subterranean and above-ground environments . The spatial scale of springs in the European Low Mountain Ranges is generally small; for example, the vegetation around Helocrene springs has an average size of five square meters (Dierschke 1994) . In the sense of geographic dimensions, springs can be classified as homogeneous units on the topological level, but Neef (1963) shows that a quantitative description can achieve a more precise statement about the ecosystem, its elements and their function. One such element in a spring ecosystem is the substrate, whose function is to provide a habitat for organisms, especially invertebrates. The spring or eucrenal itself is not a discrete entity in the topological dimension, because it is made of different substrate types that build mosaic-like structures or patches (see Kotliar and Wiens 1990 for the term patch and the concept of heterogeneity; for the patch dynamic concept see Pickett and White 1985) . It is possible to subdivide the spring level into subtopic dimensions or nanoscales (Duttmann et al. 2000) , such as a segment or reach system of a river (see Frisell et al. 1986 ), because the substrata are inhabited by invertebrates and other organisms.
A hierarchical spatial framework for springs, especially for the eucrenal, is necessary and useful for several reasons: 1) A hierarchical spatial framework has been made only for larger-scale running water, such as rivers (Frisell et al. 1986; Thomson et al. 2001 ; see summary in Allan and Castillo 2007) , and a similar theoretical approach for springs as a different surface water ecosystem is not known (Schönborn 2003); 2) there are different terms and classifications for water systems in hydrology and landscape ecology depending on their dimensions and scale (Reiss 2011) ; 3) research designs and study programs only slightly consider the relationship between river networks and hydrotopes within the catchment in identifying the ecological functions of spring habitats (Czachorowski 1999); 4) at the topological dimension, the water structures of springs are patchy and heterogeneous, and a method to characterise microhabitats of different substrate types is still lacking (Cantonati et al. 2012) ; and 5) spatially hierarchical reference systems support the identification of the relationship between structures (hydro-morphology) and functions in surface water types (Poole 2002) .
The objectives of this research are to determine an integrative hierarchical spatial framework for cold springs (springs with a water temperature related to the mean annual local air temperature) and to serve a theoretical basis for an ecological assessment of the microhabitat-fauna relationship. In this sense, "integrative" means the intention to bring hydrological and landscape ecological scales into a spatio-functional context. The focus of this concept is to differentiate the habitat of the eucrenal of a spring into several microhabitats. The purpose is to study the relevance of a substrate-based surface water typology by determining the microhabitat subtypes of the major spring types (Helocrene, Rheocrene and Limnocrene).
METHODS AND STUDY AREA
For the topic and particularly the subtopic dimensions (micro-and nanoscale), a method to detect substrate types within spring ecosystems and to sample the invertebrate fauna of each type was developed. Therefore, a new multi-habitat sampling with a 2-layer approach was realised (Reiss 2011) . The principle is similar to the AQEM/STAR approach to assess the riverbed of river segments (Cheshmedjiev et al. 2011; Meier et al. 2006 ), but with biotope-specific basic changes in the procedure. The inorganic and organic layers are considered individually in a 2-layer approach by taking the area of the whole spring habitat as a reference surface (5-10 square meters). The number of sub-samples taken in each layer corresponds to the fraction of the substrate types of the reference surface that layer has, with one sample taken per 5 per cent coverage. Comparison charts were used for the estimation of the coverage of substrate types (Gehlker 1977) . For each sample, a substratespecific sampling technique (e.g., sampling by net, collecting with tweezers) is performed for 2 minutes over the 10 cm by 10 cm reference area. Mapping and sampling were taken once a time for 152 springs for a first representative overview between February and September 2008 (with a focus on March and June till August). A control monitoring sampling from early spring to summer 2009 of 4 representative helocrene springs showed that there were minor changes in the variability of substrate coverage depending to the substrate type. Only CPOM varies from minimum 20 per cent coverage in summer to maximum 70 per cent coverage in early spring. A result of the substrate type assessment and the microhabitat type modelling (Reiss 2011 ) is shown in Table 2 , which is an empiric finding of the substratum monitoring procedure of all investigated springs of the study areas. As a descriptive statistics method the relative frequency (f i ) was calculated (f i = n i / N; n i : absolute frequency; N: total number of samples) to compare the habitat type occurrence of the different substrate types. Eighty per cent of all samples in Table 2 are Helocrenes.
The investigation program of spring ecosystems in forests (Table 1 ) was carried out in the central parts of Germany in the Federal States of Hesse (Hessen) and Thuringia (Thüringen) (Fig. 1 ). Six study areas were investigated: 1) Kellerwald (National Park KellerwaldEdersee; 40 springs), 2) Burgwald (30 springs), 3) Krofdorfer Forst (38 springs), 4) Vogelsberg (Forest Reserve Niddahänge; 24 springs), 5) Rhön (Biosphere Reserve, Core Zone and Forest Reserve Schafstein; 9 springs) and 6) Hainich (National Park Hainich; 11 springs). The study areas were selected to guarantee a wide spectrum of substrate types and a diversity of hydro-morphological structures. Furthermore, there is little to no known previous spring ecological research in these study areas. 
A THEORETICAL SPATIAL FRAMEWORK FOR SPRING HABITATS
The fundamental concept of the investigational approach is based on the consideration that aquatic ecosystems are "strongly influenced by landform and land use within the surrounding valley at multiple scales" (Allan 2004) . This means that the water body must be integrated into the landscape or watershed inside a natural-spatial unit. The term riverscape (Allan 2004 ) may also encompass the term springscape. The integrative and functional unit in hydrology is the catchment (Aspinall and Pearson 2000) , whereby an attempt is made to integrate a variety of environmental processes and human impacts on landscapes by bringing methodological concepts of landscape ecology and hydrology into a common context: "Again, composition and configuration of structural elements determine the catchment pattern. This pattern is related to terrain, soil, biota and their respective interactions ... that control spatially dependent catchment processes and functions" (Schröder 2006:969) . Figure 2 shows the classification of springs in a watershed context. The substratum within the substrate type is arranged at the nanoscale level, which corresponds to the habitat scale of the patch dynamics concept or the microhabitat system Gibert et al. 1990) . A small-scale analysis of the structural characteristics of microhabitats and their faunistic colonisation could be performed at the level of the local, within-plot scale for ecological field studies, following the method of Morrison et al. (2006) . The substratum within the nanoscale / habitat scale is not congruent to the Physiotop (Schmithüsen 1949) , but here it is associated with the subtopic dimension to integrate the hydrological scale level (Fig. 2) . However, this association implies a smooth transition between the subtopic and topic dimensions. The springhead (eucrenal) is the ecotope at the topic dimension. It corresponds to the patch scale of the patch dynamics concept or the habitat system. The range of a springhead is comparable with the segment or reach system of running waters. The substrate types of the substratum form a mosaic (see also Fig. 3 ) within a hydrotope, which is the smallest hydrological system (hydrological response unit or HRU; Gurtz et al. 1999 ). In the Interreg Project KATER II, the hydrotope concept was used to define GIS-based protection areas for springs as drinking water resources in karst forests (Magagna et al. 2006) . The spring area (springhead and spring brook, or eucrenal and hypocrenal) marked the transition to the chorological dimension (nanochore) but is also a part of the mesoscale within the stream system (see the spatial concept of a spring area in Reiss and Opp 2004) . Multiple spring areas of a small headwater catchment reach the level of the microchore. Several spring catchments are taken together in a higher-level system of a river catchment. Spring and river catchments are part of the landscape scale of the patch dynamics concept. Finally, such stream systems can be a part of major, continent-scale river basins (micro-to macroregional dimensions).
An analysis of the components and functions of a spring ecosystem from each dimension or scale requires a specific spatial-based research method (Fig. 3 and Table 1 ). As a result, functional relations through down-and upscaling can be discovered by performing an integrated system analysis. For example, considering the mesoscale characteristics of catchments is useful for nano-and microscale studies of springs. Documenting rock-related properties in a watershed allow subdivision into the categories of carbonate and siliceous springs. Certain species prefer the calciferous types of spring (e.g. most of the gastropods species of Bythiospeum; Glöer 2002), which explains their absence in siliceous springs; this information might be missed by studying only microhabitat-fauna relationships and classifying by substrate type alone. This example illustrates abiotic filters at a hierarchical spatial scale: "a series of hierarchically nested environmental factors also influences the assemblage of species at progressively more localised spatial scales" (Allan and Castillo 2007:7) . On the other hand, a precise analysis of the colonisation of substrate types on the subtopic level may explain the vegetation cover or land use (e.g., forest, extensive grass land, agriculture land) within the spring area. It is possible to differentiate fauna assemblages related to forest or non-forest structures by upscaling the aggregations of invertebrate species clusters.
When there is no woody debris nearby, for example, in non-forest spring areas, no woodsubstrate-specific taxa, such as xylophagous insects, will be found in the pools. With respect to scale, each dimension can be separated into intensity levels by process (Bastian 1991) with specific methods (Fig. 3) . The investigation program illustrated in Table 1 defines key parameters not only for the isolated and detailed research topic of microhabitatfauna-relationships in the eucrenal of a spring but also for a multi-scale analysis of factors that influence the presence of invertebrates in spring ecotones. This spatial-functional research concept is divided into abiotic and biotic functional parameters, with a more detailed list of requirements to analyse the eucrenal, as for the spring area. This approach seeks to demonstrate that microhabitat-fauna relationships are not monocausal, as it might seem, but rather exhibit much interdependence. Moreover, parameters at many scales, from the habitat scale to the landscape scale, should be considered; a more complex investigation program is useful to detect possible influences on the presence of species. It must be emphasised that the parameters in the proposed spatial-functional research concept (Table  1) are not exhaustive or static; they can be added or replaced as required by the questions or objectives of the research. Furthermore, unique regional characteristics can be considered and incorporated accordingly.
SUBTOPIC DIFFERENTIATION OF MICROHABITAT TYPES FOR SPRINGS
The most dominant aggregated category of microhabitat types is the organic category, which contains 74.7% of all samples. This is a result of the focus on studying forest spring ecosystems because substrates such as macrophytes (spring vegetation) or leaf litter (CPOM) dominate coverage in the upper layer of these ecosystems. Pure mineral microhabitats without organic substrate types are rare, making up just 10.5% of all samples. The mixed habitat (7.2% of all samples) is a category where dominance of organic or mineral substrates is not possible. Artificial habitats make up 7.2% of all samples. The five most dominant microhabitat types (totalling 56.6% of all samples) are CPOM-dominated, Psammopelal-abounded (19.7%); Macrophytes-dominated, Psammopelal-abounded (13.2%); CPOM-dominated, Microlithal-abounded (9.9%); Macrophytes-dominated, Microlithal-abounded (7.9%); and Psammopelal-dominated (5.9%). These habitat types are ecological, as validated by taxa with a significant substrate preference ratio (Reiss 2012; Reiss 2011) . The list of habitat types (Table 2) gives possible microhabitats for the springs studied here. The list represents an open catalogue because it depends on the regional typology of springs within a study area in which each microhabitat type occurs. A detailed scheme also permits the subsequent aggregation of types to recognise differences and to make the analysis systematic. The following aggregation (compare with 
CONCLUSION
A hierarchical spatial framework to study ecological conditions, particularly with regard to microhabitat-fauna relationships, and to develop a surface water typology of patchy forest spring habitats in various regions of the German low mountain ranges is proposed as a useful theoretical and practical basis for integrating landscape ecological approaches within hydrological methodologies. Various terms, dimensions and scale level classifications for water-related system components in hydrology and landscape ecology are brought into a functional context, clarifying the relationship between the river network and hydrotopes within the catchment to identify the ecological functions of spring habitats. Spatially hierarchical reference systems support the identification of the relationship between structures (hydro-morphology) and functions in surface water types. The ecological function of a substrate as a microhabitat for particular invertebrate taxa and their importance for the spring as a macrohabitat should also be considered. At the microscale level, springheads are patchy, i.e., the structure of the substratum is mosaic-like and heterogeneous. The smallest scale at which an organism responds to patchy structure is at the substrate level (Kotliar and Wiens 1990) . This is where a species occurs (habitat) and can be detected in a sample. Using a multi-habitat sampling method to record the coverage fraction of each substrate type and the presence of fauna, it is possible to quantify the substratum at the nanoscale level. The hierarchical model provides a framework for classifying patchy structure across a range of scales: at the nanoscale level, it is possible to identify substrate types as microhabitats, while at the microscale level, one can aggregate habitat types to differentiate the springhead within a surface water typology. Furthermore, this approach recognises the ecological relevance of habitat types by analysing the substrate preference of invertebrate taxa. In the future, additional regional studies of spring ecosystems that categorise and validate more habitat types are needed; furthermore, spring types should be aggregated at the landscape scale to develop spring catalogues. First ecological spring catalogues exists, e.g. for the German federal states of Bavaria (Bayern) (BlfU 2008) and Rhineland-Palatinate (Rheinland-Pfalz) (LWRP 2002) . These approaches would be useful for headwater protection planning and nature conservation management.
